Nucleoli are not only organelles that produce ribosomal subunits. They are also overarching sensors of different stress conditions and they control specific nucleolar stress pathways leading to stabilization of p53. During DNA replication, ATR and its activator TopBP1 initiate DNA damage response upon DNA damage and replication stress. We found that a basal level of TopBP1 protein associates with ribosomal DNA repeat. When upregulated, TopBP1 concentrates at the ribosomal chromatin and initiates segregation of nucleolar components--the hallmark of nucleolar stress response. TopBP1-induced nucleolar segregation is coupled to shut-down of ribosomal RNA transcription in an ATR-dependent manner. Nucleolar segregation induced by TopBP1 leads to a moderate elevation of p53 protein levels and to localization of activated p53 to nucleolar caps containing TopBP1, UBF and RNA polymerase I. Our findings demonstrate that TopBP1 and ATR are able to inhibit the synthesis of rRNA and to activate nucleolar stress pathway; yet the p53-mediated cell cycle arrest is thwarted in cells expressing high levels of TopBP1. We suggest that inhibition of rRNA transcription by different stress regulators is a general mechanism for cells to initiate nucleolar stress pathway.
INTRODUCTION
Preserving the integrity of DNA is vitally important to the cell. DNA needs to be constantly repaired and maintained due to breaks and structural modifications that happen especially during replication and transcription. Master regulators constantly monitor the amount of damage and are ready to initiate a checkpoint response if the threshold level of damage is exceeded.
One of the most important regulators of DNA damage response is the p53 tumour suppressor. p53 responds also to many different stress conditions that are not limited to DNA damage. Normally low p53 levels are maintained by mechanisms that are regulated by nucleoli (1) . A great deal of a dividing cell's resources are put into nucleoli, where ribosomal RNA (rRNA) transcription by RNA polymerase I (RNA pol I), processing of the rRNA and ribosome assembly take place. The unique position of nucleoli within the cellular metabolism is exploited to initiate nucleolar stress response that culminates in reorganization of nucleolar structure and in stabilization and activation of p53 (2, 3) . Accumulating evidence indicates that an important mechanism for initiating p53 response is mediated by inhibition of ribosomal biogenesis (1, 3) .
Inhibition of rRNA transcription is also of clinical interest as a potential drug target against cancer (4) . RNA pol I inhibitors have been used effectively to activate nucleolar stress response that results in reorganization of nucleolar components and p53-mediated cancer cell killing (5, 6) . Actinomycin D (ActD) is one of the oldest antineoplastic drugs still in clinical use. When used at low levels (nanomolar range), ActD binds to GC-rich sequences in the ribosomal DNA (rDNA) and specifically inhibits the RNA pol I, leading to nucleolar segregation and activation of p53 (7, 8) .
Problems during DNA replication result in stalled forks and initiate DNA stress response coordinated by Ataxia telangiectasia and Rad3-related (ATR) kinase (9) . ATR ensures accurate replication timing in each S-phase and initiates cell cycle arrest if the threshold damage level is reached. Although ATR is activated by a broad spectrum of DNA lesions, the common activating structure seems to be singlestranded DNA (ssDNA). ATR is rapidly recruited to lesions by Replication protein A (RPA) that is bound to ss-DNA. However, ATR recruitment alone is not sufficient for checkpoint activation but requires independent localization of TopBP1 to the damage site.
TopBP1 is a crucial factor in the ATR response and it appears that association of TopBP1 to chromatin is the key step in regulation of ATR activation (10) (11) (12) (13) . Even though TopBP1 can bind directly to damaged DNA, at least in vitro (13) , its interaction with the Rad17 clamp loader and checkpoint clamp complex Rad9-Hus1-Rad1 (9-1-1) is critical for the checkpoint signalling at the junction between ss-DNA and double-stranded DNA (14) (15) (16) (17) . By physically binding to the ATR partner protein ATRIP, TopBP1 significantly enhances ATR kinase activity (18) . Ectopic expression of ATR-activation domain (AAD) of TopBP1 activates ATR in the absence of DNA damage and leads to cell cycle arrest and, if persistent, to p53-dependent senescence (19) . TopBP1 is also directly involved in transcriptional regulation, and can inhibit apoptosis and p53-mediated G1 arrest by repressing E2F1 and p53 target gene expression (20) (21) (22) . These findings suggest that TopBP1 can function as an activator or suppressor to balance the DNA damage response (for a review on functions of TopBP1, see (23) ).
In order to better understand the function of TopBP1, we used cells designed to conditionally express eGFP-TopBP1 fusion protein. Here we report that, when present at elevated levels, TopBP1 concentrates into nucleoli, associates with transcribed region of rDNA repeat and locally activates ATR. This leads to inhibition of rRNA synthesis and concomitant nucleolar segregation, similar to that induced by ActD. However, while ActD treatment leads to transient p53-dependent cell cycle arrest lasting for several days, TopBP1-induced nucleolar segregation leads only to a modest increase in p53 levels that does not initiate cell cycle arrest. Our findings show that rRNA synthesis can be modulated by the ATR pathway and add ATR to the list of stress regulators that inhibit rRNA transcription once activated.
MATERIALS AND METHODS

Cell culture
U2OS (ATCC) cells were cultivated at 37 • C and 5% CO 2 in modified McCoy's 5a medium (Sigma) including 10% foetal bovine serum (FBS). Tet-On cell lines were cultivated at 37 • C at 5% CO 2 in modified McCoy's 5a medium (Sigma) supplemented with 10% FBS, 100 g/ml of hygromycin and 200 g/ml of G418 as selective antibiotics.
ATR inhibitor ETP-46464 (Millipore) and DNA intercalator ActD (Sigma) were applied directly to the plates at final concentrations of 10 M and 30 nM, respectively. Upon release of cells from ActD they were either prepared for analysis or washed with Phosphate buffered saline (PBS) followed by addition of fresh media for further cultivation.
DNA constructs and generation of Tet-On cell lines
Previously cloned (14) human full-length TopBP1 coding sequence (CDS, Uniprot Q92547) was ligated into pEGFP-C1 mammalian expression vector (BD Biosciences, Genbank #U55763). Mutated TopBP1 in pEGFP-C1 was generated by introducing a tryptophan (W) to arginine (R) mutation at amino acid 1145 of TopBP1 using overlap extension polymerase chain reaction (PCR). For the prepara-tion of stable Tet-On Advanced cell lines, the whole CDS of eGFP-TopBP1 WT or eGFP-TopBP1 W1145R was ligated to the pTRE-Tight vector (Clontech). TopBP1 deletion mutants were prepared and ligated into pEGFP-C1 vector using In-Fusion HD EcoDry Cloning Kit (Clontech). The correct sequences of all constructs were verified by sequencing (ABI Prism 310 Genetic Analyzer). DNA transfections were done with Effectene (Qiagen) transfection reagent.
Stable doxycycline-inducible U2OS cell lines were generated using Tet-On Advanced gene expression system (Clontech). Cells were designed to express either wild-type (WT) or W1145R mutant of human TopBP1 N-terminally fused to Enhanced Green Fluorescent Protein (eGFP).
Fluorescence microscopy
For fluorescence microscopy, cells grown on borosilicate glass coverslips were washed with PBS and immediately fixed with 3% paraformaldehyde. Cells were permeabilized with 0.2% Triton X-100-PBS and immunostained or directly stained for DNA with Hoechst 33258 and mounted on glass slides with Shandon Immu-Mount (Thermo Scientific). Primary antibodies were from Abcam (␣-NCL, 4E2), Millipore (␣-TopBP1, AB3245), Sigma (␣-BrdU, BU-33), Life Technologies (␣-NPM; FC-61991), LifeSpan Biosciences (␣-Hus1; LS-C308354) and Santa Cruz Biotechnology (␣-p53, DO-1; ␣-RPA194, C-1; ␣-UBF, F-9). Mouse monoclonal antibody against Rad9 was a kind gift from Dr Raimundo Freire (Universitario de Canarias, Tenerife, Spain). Secondary antibodies were Alexa Fluor 488 or 594 conjugated, highly cross-adsorbed goat ␣-rabbit or ␣mouse IgG (Molecular Probes).
For nascent RNA transcription labelling, cells were given a 30-min pulse of 2 mM 5 -fluorouridine (FUrd, Sigma) before fixing them. Incorporated FUrd was detected with ␣-BrdU antibody, BU-33 (Sigma).
To label nascent DNA synthesis, cells were given a 30min pulse of 5-ethynyl-2 -deoxyuridine (EdU). Incorporated EdU was detected with Click-iT EdU Alexa Fluor 594 Imaging Kit (Life Technologies).
Wide-field fluorescent images were obtained with Axiocam HR colour using a Zeiss Axioplan 2 microscope with either 40× Zeiss Plan-Neofluar or 63× Zeiss Plan-Apochromat objective. Image acquisition was done with Axiovision AxioVS40 software (v4.8.2). Confocal fluorescent images were obtained with Zeiss Axio Observer inverted microscope (40× objective) equipped with Zeiss LSM700 confocal module (Carl Zeiss Microimaging GmbH, Jena, Germany). Image acquisition was done with ZEN 2012 software (Carl Zeiss Microimaging GmbH). All images were processed with Photoshop CS5 (12.0).
Quantitative reverse-transcriptase PCR (qRT-PCR)
Cells were lysed in Trizol reagent (Invitrogen) and RNA was extracted according to instructions. Purified RNA was treated with RQ1 DNase (Promega) to remove any DNA contamination. Reverse transcription and subsequent quantitative PCR were performed with DyNAmo SYBR Green 2-Step qRT-PCR Kit (Finnzymes/Thermo scientific) according to instructions. Quantitative PCR reactions were run with the Opticon Monitor program in Nucleic Acids Research, 2015, Vol. 43, No. 10 4977 Chromo 4 Peltier Thermal Cycler (MJ research) and cycle program of 95 • C for 15 min followed by 40 cycles with 94 • C for 10 s, 57 • C for 30 s and 72 • C for 30 s. Pre-rRNA signals were normalized to ACTB (␤-actin) signals. Primers targeting pre-rRNA 5 external transcribed region were: FWD 5 GGAAGGAGGTGGGTGGAC 3 and REV 5 GCG-GTACGAGGAAACACCT 3 . Primers targeting ACTB were: FWD 5 CTCTTCCAGCCTTCCTTCCT 3 and REV 5 AGCACTGTGTTGGCGTACAG 3 .
Immunoelectron microscopy (immuno-EM)
Cells were fixed with 4% paraformaldehyde in 0.1M phosphate buffer pH 7.5 for 10 min, scraped off from the plate and fixed for 1 h. Fixed cells were rinsed with PBS and mixed with 12% gelatine in PBS. After 10 min incubation at room temperature cells were centrifuged 5 min at 16 000 × g. Gelatine was solidified on ice for 30 min, after which the pellet was cut into small pieces and put into 2.3 M sucrose in PBS and rotated for 4 h at +4 • C. The specimens were frozen in liquid nitrogen and thin cryosections were cut with Leica EM UC7 cryoultramicrotome (Leica Microsystems, Vienna, Austria). The sections were picked on Butvar-coated nickel grids. The grids were first incubated in 2% gelatine in PBS for 20 min and then in 0.1% glycine-PBS for 10 min. Incubation in a blocking serum containing 1% bovine serum albumin (BSA) in PBS for 5 min. One percent BSA in PBS was used in washings and dilutions of antibodies and gold conjugates. Sections were exposed to the first primary antibody for 45 min followed by incubation with protein A-gold (5 nm) for 30 min (24) . After washings, 1% glutaraldehyde in 0.1 M phosphate buffer pH 7.5 was used to block free binding sites on protein A. The sections were then incubated with the second primary antibody for 45 min followed by rabbit anti-mouse IgG for 30 min (Jackson Immunoresearch Laboratories) and then incubated in the protein A-gold (10 nm) for 30 min. The controls were prepared by replacing the primary antibody with PBS. The grids were stained with neutral uranyl acetate (UA) and embedded in 2% methyl cellulose containing 0.4% UA and examined with a Tecnai Spirit transmission electron microscope (FEI, Eindhoven, The Netherlands). Images were captured by a Quemesa CCD camera (Olympus Soft Imaging Solutions GMBH, Munster, Germany). TopBP1 was detected by ␣-TopBP1.2 or ␣-TopBP1 AB3245 (raised against different regions of TopBP1), both of which gave identical staining patterns. Other antibodies were as for immunofluorescence microscopy.
Immunoblotting and subcellular fractionation
To prepare whole-cell extract for immunoblotting, cells were washed with PBS, scraped off from the plate and suspended in lysis buffer (50 mM Tris-HCl pH 7.9, 10% Glycerol, 5 mM EDTA, 100 mM NaCl, 0.5% IGEPAL CA-630, 1 mM DTT, 1 mM NaF, 1 mM Na 3 VO 4 and 1× Complete protease inhibitor cocktail (Roche)), briefly sonicated and finally cleared by centrifugation at 16 000 × g for 10 min. Protein concentration was determined with Bradford assay.
For Immunoblotting, 10-50 g of total protein were separated on sodium dodecyl sulphate-polyacrylamide gel elec-trophoresis, transferred onto a PVDF membrane and detected using chemiluminescence (SuperSignal West Pico, Thermo Scientific), and exposed on Amersham Hyperfilm ECL (GE Life Sciences).
To prepare subcellular fractions, whole cells were washed with hypotonic buffer (10 mM MOPS-NaOH pH 7.0, 10 mM NaCl, 1 mM MgCl 2 , 2 mM DTT) and lysed in the same buffer supplemented with 0.5% IGEPAL CA-630 for 10-30 min to give detergent-soluble fraction (S). Chromatinbound proteins were released by incubating for 15 min in high-salt buffer (20 mM HEPES-KOH pH 7.4, 500 mM NaCl, 5 mM KCl, 0.5 mM DTT and 1× Complete protease inhibitor cocktail (Roche)) (fraction B). Remaining cell material was solubilized in SDS-lysis buffer (20 mM HEPES-KOH pH 7.4, 0.5% SDS, 100 mM NaCl, 5 mM KCl, 0.5 mM MgCl 2 , 0.5 mM DTT) (fraction M).
Commercial primary antibodies were from Cell Signalling (␣-ATR, #2790; ␣-Chk1 S345, 133D3; ␣-GFP, D5.1, ␣-p53 S15, 16G8), Millipore (␣-␤-Tubulin, KMX-1; ␣-p21, #05-345) and Santa Cruz Biotechnology (␣-Chk1, G-4; ␣-p53, FL-393, C-1; ␣-UBF, F-9; ␣-Lamin A/C, N-18). Rabbit polyclonal antibody against TopBP1.2 for immunoblots was from our own laboratory (14) . Secondary antibodies for immunoblotting were peroxidase conjugated goat ␣-rabbit or ␣-mouse IgG (Jackson Immunoresearch Laboratories). Secondary antibodies for immunofluorescence were Alexa Fluor 488 or 594 conjugated, highly cross-adsorbed goat ␣-rabbit or ␣-mouse IgG (Molecular Probes).
Chromatin immunoprecipitation (ChIP)
Chromatin immunoprecipitation (ChIP) assay was performed as described (25) . In brief, cells were fixed with 1% formalin, lysed in 150 mM NaCl, 50 mM Tris-HCl pH 7.5, 5 mM EDTA, 0.5% IGEPAL CA-630, 1% TX-100, 1× Roche Complete EDTA-free protease inhibitor cocktail, 1 mM NaF, 1 mM Na 3 VO 4 . Resulting nuclei were sonicated with a Hielscher UP200S at 100% amplitude for eight rounds of 15 × 0.5 s pulses to obtain 200-1000 bp sheared DNA. Antibodies used in immunoprecipitations were from Millipore (␣-TopBP1 AB3245) and Santa Cruz Biotechnology (␣-RNA pol I/␣-RPA194, C-1). Immunocomplexes were collected with 30 l of protein G Magnetic beads (Dynabeads, Life Technologies). DNA was extracted from the beads with 10% Chelex-resin (Bio-Rad). Input DNA sample was treated with proteinase K (Invitrogen), ethanol-precipitated and processed the same way as bead-immunoprecipitates. Real-time PCR was used to quantitate the immunoprecipitated DNA and normalized to input dilution series. Protein G bead-only precipitations were performed to check for the background level of DNA enrichment. The DNA enrichment from these controls was <0.04% of the input samples (see Supplementary Figure  S5 ). Primers for ribosomal DNA were from (26) . Quantitative PCR reactions were run with the Opticon Monitor program in Chromo 4 Peltier Thermal Cycler (MJ research) using DyNAmo SYBR Green mix (Finnzymes) and cycle program of 95 • C for 2 min followed by 40 cycles with 95 • C for 30 s, 58 • C for 30 s and 72 • C for 1 min, for all primers.
RNA interference
Silencer Select siRNA (Ambion) targeting ATR (Validated s536) and unspecific negative control (Negative Control #1) were transfected using HiPerfect transfection reagent (Qiagen). A total of 10 nM ATR siRNA was transfected three times at 24 h intervals.
Automated image analysis
CellProfiler version 2.2.1 (27) was used for automated counting of p53-positive and eGFP-TopBP1 positive cells. ␣-p53, FL-393 (Santa Cruz Biotechnology) antibody was used for immunostaining as described above. Over 600 cells were counted from each sample.
RESULTS
Elevated levels of TopBP1 induce nucleolar segregation and shut-down of nucleolar transcription
In order to study TopBP1 in cultured human cells we cloned a full-length TopBP1 coding sequence into a mammalian eGFP expression vector and prepared a stable U2OS cell line where expression of eGFP-TopBP1 can be induced by adding doxycycline in the culture medium. This cell line expressed the protein as expected, with no traces of expression observed when doxycycline was omitted (Supplementary Figure S1A ). To study how ectopic expression of eGFP-TopBP1 might add to the total concentration of ToPBP1 in cells, immunoblots of extracts from cells expressing eGFP-TopBP1 were probed with an anti-TopBP1 antibody to detect both endogenous and ectopic TopBP1. Due to the appearance of ectopic TopBP1, the total concentration of TopBP1 increased 4-6 fold at 12-48 h after induction (Supplementary Figure S1B ).
When cells expressing eGFP-TopBP1 were examined under fluorescent microscope, strong localization of eGFP-TopBP1 into nuclear foci was observed. More close inspection suggested that the foci were associated with the nucleoli, which were identified by weak staining of DNA with Hoechst 33258. We then looked at the localization of nucleolar marker proteins Upstream binding factor (UBF), RNA Pol I, Nucleolin (NCL) and Nucleophosmin (NPM). To our surprise, we found changes in localization of all these marker proteins upon induction of eGFP-TopBP1 ( Figure 1A ). UBF and RNA Pol I both co-localized extensively with the eGFP-TopBP1 foci ( Figure 1A , middle panels), while in non-induced cells they localized in necklacelike structures ( Figure 1A , top panels). NPM and NCL signals in the nucleoplasm were increased and both proteins formed ring-like structures around the nucleolar body in cells expressing eGFP-TopBP1, while in non-induced cells they were concentrated in the nucleoli. The relocalization of nucleolar proteins in cells expressing eGFP-TopBP1 bring to mind nucleolar segregation that is induced by inhibition of rRNA transcription after ultraviolet light irradiation or ActD treatment. Indeed, the similarity in localization of nucleolar marker proteins between eGFP-TopBP1 expressing cells and ActD-treated cells was apparent (Figure 1A , middle and bottom panels). ActD binds to the DNA duplex and inhibits specifically RNA Pol I, when used in nanomolar concentrations. Higher concentrations of ActD inhibit also RNA polymerase II. To confirm this specific inhibition of RNA pol I, we gave cells a short pulse of ribonucleotide analogue 5 -fluorouridine (FUrd) that incorporates into nascent RNA. As expected, cells treated with 30 nM ActD lost FUrd signal in nucleoli, while transcription elsewhere was visible as dispersed foci throughout the nucleoplasm ( Figure 1A ). Most cells displaying eGFP-TopBP1-induced segregation were devoid of nucleolar transcription ( Figure 1A and Supplementary Figure S2 ), while transcription elsewhere in nucleoplasm looked normal, resembling also in this respect ActD-treated cells. We then further studied transcription of ribosomal RNA genes by measuring pre-ribosomal rRNA (pre-rRNA) with quantitative reverse-transcriptase PCR (qRT-PCR) assay. Upon induction of eGFP-TopBP1 expression, the pre-rRNA synthesis level dropped gradually from 100% at 1 h down to 31% at 24 h ( Figure 1B ). This pattern follows the microscopically observed accumulation of eGFP-TopBP1 protein levels, which appeared earliest at around 6 h and was saturated at 24 h after the induction (not shown). In cells treated with 30 nM ActD for 30 min the level of pre-rRNA was 58% compared to that of non-treated cells.
Next we looked the nucleoli at the ultrastructural level using immuno-EM. In non-induced cells nucleoli were visible as strongly contrasted, round regions in the nuclei (Figure 2A) . Interestingly, we found endogenous TopBP1 colocalizing with RNA Pol I, UBF and NCL inside the nucleoli in non-induced cells ( Figure 2B , upper panels).The levels of endogenous TopBP1 staining by immuno-EM in the nucleolus appeared even to exceed the general staining in the nucleus. When induced to express eGFP-TopBP1, we found TopBP1 concentrating in regions that were closely associated with the nucleolus, but which appeared distinct from the more electron-dense body of nucleolus ( Figure 2A and B, lower panels). These regions obviously correspond to the nucleolar TopBP1 foci visible in fluorescence microscopy.
To show that the localization phenotype was caused by TopBP1 and not affected by the eGFP moiety, we transiently transfected cells with a TopBP1 construct missing the eGFP tag. The localization of TopBP1 in these cells was identical to that of eGFP-TopBP1 ( Supplementary Figure S3A) . Furthermore, the TopBP1 phenotype was not a specific feature of U2OS cells, since we observed identical phenotype in cancer cell lines HeLa, MG63 and SaOS2, and also in human IMR90 primary fibroblasts, when they were transiently transfected with eGFP-TopBP1 (Supplementary Figure S3B ). Finally, we tested if the phenotype caused by abnormally high concentration of TopBP1 might be caused also by other DNA-binding proteins. Therefore, we expressed Venus-RecQL4 in U2OS cells to obtain abnormally high cellular concentration of RecQL4, which is a DNA helicase that localizes to nucleoli (28) . As expected Venus-RecQL4 was enriched in nucleoli. However, it did not induce nucleolar segregation, providing additional evidence on a specific role of TopBP1 in nucleolar segregation (Supplementary Figure S3C ).
The results of the experiments presented above show that elevated levels of TopBP1 lead to inhibition of rRNA transcription and to a reorganization of nucleolar components. This TopBP1-induced nucleolar segregation is similar to that seen in ActD-treated cells.
To assess biological relevance of the results obtained with cells expressing high levels of ectopic TopBP1, we studied whether TopBP1-RNA pol I foci could be detected also in cells expressing endogenous levels of TopBP1. First, we found that ActD-induced nucleolar segregation was independent of TopBP1, since it took place normally in TopBP1-depleted U2OS cells (Supplementary Figure S4) . However, endogenous TopBP1 co-localized with RNA pol I into characteristic foci even in non-treated cells, with 12% of the cells having at least one co-localization focus (Figure 3) . In a typical case there were no more than one such focus per cell, and these foci were larger and more solitary than the necklace-like foci formed by RNA pol I. When cells were treated with ActD, the proportion of cells that showed co-localization of TopBP1 and RNA pol I increased to 24%. Therefore, we conclude that the foci containing TopBP1 and RNA pol I, and nucleolar segregation in cells expressing ectopic TopBP1 are not artefacts, but rather reflect a biologically relevant phenomenon. The phenotype is merely enhanced by the super-physiological concentrations of TopBP1.
TopBP1-induced nucleolar segregation depends on ATR kinase activity
TopBP1 is an essential activator of ATR kinase (29) . To study whether ATR is involved in TopBP1-induced nucleolar segregation, we first treated eGFP-TopBP1 cells with the potent ATR inhibitor ETP-46464 (30) . Remarkably, treatment of cells with the ATR inhibitor resulted in complete loss of eGFP-TopBP1 foci, resumed the nucleolar RNA transcription and restored normal localization of RNA pol I and NCL ( Figure 4A ).
Activation of ATR kinase by TopBP1 can be abrogated by a single tryptophan (W) to arginine (R) point mutation at the amino acid residue 1145 of TopBP1 (29) , providing a tool to study the role of TopBP1-dependent activation of ATR kinase in nucleolar segregation. We therefore prepared a U2OS cell line inducible for the expression of this mutated form of TopBP1 (eGFP-TopBP1 W1145R). These cells lacked nucleolus-associated TopBP1 foci, showed normal distribution of RNA pol I and NCL, and nucleolar transcription was undisturbed ( Figure 4A, right panels) .
Given the apparent similarity between ActD-and TopBP1-induced nucleolar segregation, we wanted to see whether ActD had any additional influence on cells, beyond that of ectopically expressed TopBP1. It turned out that in cells expressing eGFP-TopBP1, ActD had no apparent influence beyond non-expressing cells on the localization of RNA pol I, and eGFP-TopBP1 and RNA pol I continued to co-localize into the characteristic foci also after the ActD treatment ( Figure 4A ). In cells expressing W1145R-mutated TopBP1, ActD blocked nucleolar transcription as expected, but surprisingly, caused the formation of TopBP1-RNA pol I foci ( Figure 4A ).
To corroborate that ATR is required for focal localization of eGFP-TopBP1, we depleted cells from ATR using a cognate siRNA. Downregulation of ATR with a validated siRNA resulted in a phenotype similar to that of mutant eGFP-TopBP1 W1145R cells and to cells treated with the ATR inhibitor ( Figure 4B ). Immunoblotting of wholecell extracts showed that only residual ATR remained after ATR siRNA treatment of cells, while a non-specific control siRNA did not affect the ATR protein levels ( Figure 4C ). Statistically, nearly 90% of the non-treated cells and control siRNA-treated eGFP-TopBP1 cells had TopBP1 foci, while ATR siRNA treatment reduced that number below 30% ( Figure 4B ).
Taken together, the findings above show that ATR is needed for the TopBP1-induced nucleolar segregation and for shut-down of nucleolar transcription.
TopBP1 associates with ribosomal DNA repeat
TopBP1 has been shown to associate with chromatin in vivo (31) and to bind to DNA in vitro (13) . To study if eGFP-TopBP1 associates with chromatin we fractionated cells into three different fractions. First, whole cells were extracted with detergent to yield soluble fraction (S) containing cytoplasmic and soluble nuclear proteins. Remaining nuclei were extracted with high-salt to yield a chromatin-bound fraction (B), containing most of the proteins associated with DNA. Thereafter, the nuclei were lysed to yield a matrix fraction (M) containing the non-extractable nuclear proteins and more tightly attached chromatin proteins. Immunoblotting of eGFP-TopBP1 shows that both the mutant and WT proteins associate with chromatin, like the endogenous TopBP1 in normal U2OS cells ( Figure 5A ). In the same chromatin fraction we found, as expected, UBF. Betatubulin was found in the soluble fraction and the nuclear scaffold protein Lamin A/C was found solely in the remaining matrix fraction, as expected. Microscopy of detergenttreated cells revealed that both WT and W1145R TopBP1 most tightly localized into nucleoli ( Figure 5B ).
To study if TopBP1 binds directly to ribosomal chromatin in vivo, we performed ChIP with U2OS cells containing endogenous levels of TopBP1, and with cells expressing eGFP-TopBP1. Enrichment of DNA was analysed by quantitative PCR using primer pairs spanning the transcribed and non-transcribed regions of the rDNA repeat (U13369) (Figure 5C ). We found moderate enrichment of endogenous TopBP1 at the rDNA repeats indicating that a small amount binds preferentially the transcribed region of rDNA repeat ( Figure 5D and Supplementary Figure S5 ). This is consistent with the localization of endogenous TopBP1 observed by Immuno-EM (see Figure 2 ). DNA enrichment in the transcribed region was dramatically increased when cells expressed eGFP-TopBP1 ( Figure 5D ). Mapping of RNA pol I shows, as expected, that it binds the transcribed, but not the non-transcribed portion of the rDNA repeat ( Figure 5D ).
These results show that eGFP-TopBP1 localizes to nucleolar chromatin and associates with transcribed region of the rDNA repeat. These and the results presented above also suggest that eGFP-TopBP1 is first recruited into the nucle-oli and that nucleolar segregation is subsequently initiated by locally activated ATR.
BRCT domains 0-2 and 4-5 are required for TopBP1-induced nucleolar segregation
TopBP1 is a modular protein consisting of nine BRCT (BRCA1 C-terminal) domains (numbered from 0 to 8). The ATR activation domain (AAD) is located between BRCT domains 6 and 7. In order to gain insight into the TopBP1induced nucleolar segregation, we prepared five mutants of eGFP-TopBP1 with BRCT domains 0-2, 3, 4-5, 6 and 7-8 deleted, respectively ( Figure 6A) , and examined how mu- tated forms of TopBP1 localized in respect to endogenous UBF. We found that TopBP1 lacking BRCT domains 0-2 or 4-5 did not induce nucleolar segregation ( Figure 6B ). Interestingly, BRCT 0-2 and 4-5 have been reported to mediate the interaction between the Rad9 and TopBP1 (14, 15, 17) . Rad9 is part of the checkpoint clamp complex 9-1-1 (Rad9-Rad1-Hus1), which recruits TopBP1 into chromatin to activate ATR (15, 17) . This prompted us to look for endogenous Rad9 and Hus1 in eGFP-TopBP1 expressing cells. While in non-induced cells both Rad9 and Hus1 had diffusive nuclear localization, they co-localized with eGFP-TopBP1 foci in induced cells ( Figure 6C ). In ActD-treated cells without ectopic TopBP1, we also found co-localization of RNA pol I and Rad9 in part of the cells, similar to what was observed for TopBP1 in segregated nuclei (Figure 3, see  above) .
Taken together, BRCT domains 0-2 and 4-5 are critical in TopBP1-induced nucleolar segregation. Co-localization with Rad9 and Hus1 further suggests involvement of 9-1-1 complex in the TopBP1-induced nucleolar segregation.
TopBP1-induced nucleolar segregation does not lead to cell cycle arrest
Inhibition of RNA pol I-catalysed transcription by different chemicals, including ActD, is known to induce nucleolar segregation and stabilization of p53 (5, 6, 8) . We studied the long-term effects of continued expression of eGFP-TopBP1 and compared them to the responses caused by ActD. We treated cells with 30 nM ActD for 2 h and monitored cycling cells over the course of 4 days. A gradual decline of DNA replication was observed, leading to a complete cell cycle arrest on the days 1-3 after the treatment ( Figure 7A , top panels). However, these cells recovered DNA synthesis on the day 4.
Immunoblot showed that ActD-treated cells initiated p53 response, as shown by the accumulation of total p53 protein and its phosphorylation at serine 15 (S15), representing activated p53 ( Figure 7B ). Consistent with the replication status of the cells, p53 levels dropped to background levels on day 4. Expression of p53 target gene p21 followed accumulation of p53, suggesting that p21 mediated the cell cycle arrest. We did not find any phosphorylation of Chk1 following ActD treatment, which implies that canonical ATR signalling is not involved in the ActD-induced cell cycle arrest. Together, these results suggest that ActD-induced cell cycle arrest is mediated by the p53 pathway.
While TopBP1-induced nucleolar segregation was phenotypically similar to that induced by ActD, the continued expression of eGFP-TopBP1, surprisingly, did not cause any loss of DNA replication activity during the 4-day expression ( Figure 7A , bottom panels). As detected with immunoblotting, expression of eGFP-TopBP1 did not lead to a marked accumulation of p53, but we did observe some increase in phosphorylation of S15 in p53 ( Figure 7B ). As after ActD, Chk1 appears not to become phosphorylated at serine 345 upon induction of eGFP-TopBP1.
ActD-treatment caused a detectable downregulation of endogenous TopBP1 and Chk1 ( Figure 7B ). This downregulation correlated with inhibition of DNA replication and suggests that both TopBP1 and Chk1 activity was suppressed to facilitate the p53-mediated cell cycle arrest.
Stabilization of p53 is regulated by multiple posttranscriptional modifications (32) . One of the best known sites that become phosphorylated in response to different stress situations is S15. Appearance of S15-p53 in cells expressing eGFP-TopBP1 prompted us to look for activated p53 at the subcellular level. To detect activated p53, we used monoclonal DO-1 antibody which is known to bind an epitope in p53 that becomes unmasked after cells are irradiated with UV light (33) . We found that activated p53 was present in the eGFP-TopBP1 foci, while in control cells activated p53 was not observed ( Figure 7C ). Moreover, in ActD-treated cells, we observed co-localization of activated p53 with Rad9 although the cells had not been induced to express ectopic TopBP1 ( Figure 7C ).
An apparent contradiction between immunoblot and immunofluorescence data prompted us to look for total p53 protein levels in individual cells expressing eGFP-TopBP1. Cells induced to express eGFP-TopBP1 showed individual cell-to-cell variation in expression levels (see e.g. Supplementary Figure S2 , lower panel), which may mask small changes in protein levels. To set up a threshold level for computational analysis of p53-positive cells we exposed cells to Nutlin-3a. Nutlin-3a disrupts p53-Mdm2 interaction thus preventing p53 degradation and leading to accumulation of p53 (34) . After Nutlin-3a-treatment 80% of the cells were positive for p53 at the chosen threshold, while in non-treated control cells the percentage remained at 10% ( Figure 7D ). When we counted those p53 positive cells in induced sample, which expressed eGFP-TopBP1, we found that 28% of the eGFP-TopBP1 positive cells were also positive for p53. On the other hand, only 7% of the cells not expressing eGFP-TopBP1, counted from the same induced sample images, were positive for p53. When cells were treated with ActD for 2 h and then let recover for 24 h, 44% of the cells were p53 positive. These results suggest that p53 is moderately stabilized in cells with high levels of TopBP1.
To study the possibility that nucleolar eGFP-TopBP1 foci represent damaged DNA, we immunostained cells expressing eGFP-TopBP1 with anti-␥ H2AX and anti-53BP1, two commonly used markers for DNA double strand breaks and other DNA damage types. Neither of the two DNA damage marker proteins co-localized with the nucleolar eGFP-TopBP1 foci (Supplementary Figure S6A) .
Moreover, the TopBP1-induced nucleolar segregation was not restricted to S-phase of the cell cycle, since we observed this phenotype also in cells that did not incorporate EdU (Supplementary Figure S6B) . Expression of eGFP-TopBP1 did not affect the proportion of replicating cells either (Supplementary Figure S6C ). However, we found that in cells undergoing mitosis, eGFP-TopBP1 foci disappeared and UBF formed distinct foci not related to localization of eGFP-TopBP1 (Supplementary Figure S6D) . During mitosis UBF is known to remain associated with the rDNA while the transcription of rRNA is shut down (35) .
Taken together, initiation of nucleolar stress pathway by ActD leads to stabilization of p53, accumulation of p21 and to a transient cell cycle arrest. On the contrary, while cells expressing high levels of TopBP1 show all the hallmarks of activation of nucleolar stress pathway, including a moderate activation of p53, the cell cycle is not arrested.
DISCUSSION
We describe here a novel role for TopBP1 and ATR in nucleolar dynamics, which is distinct from the canonical role of ATR pathway during DNA replication. Our study is, to our knowledge, the first one to examine the effects of high expression level of full-length TopBP1 in human cells. We demonstrated that while endogenous TopBP1 bound to nucleolar chromatin, as shown by immuno-EM and ChIP experiments, at high cellular concentrations TopBP1 activated ATR specifically at the nucleoli leading to shut-down of rRNA synthesis with concomitant nucleolar segregation.
TopBP1-induced nucleolar segregation strictly depended on ATR function. However, localization of TopBP1 into nucleoli did not depend on ATR kinase, as the mutant TopBP1, defective in ATR activation, also localized into nucleoli. This is consistent with the current model, according Nucleic Acids Research, 2015, Vol. 43, No. 10 4987 to which localization of TopBP1 dictates the activation of ATR (9) .
Chk1 is a downstream target of ATR and becomes efficiently phosphorylated upon activation of ATR. We did not find global activation of ATR by high expression level of TopBP1, as indicated by the lack of Chk1 phosphorylation on serine 345. This differs with the reports that expression of ATR activation domain of TopBP1 alone leads to efficient activation of the ATR pathway (19, 29) and to p53dependent cell cycle arrest within few hours (19) . TopBP1 is a large protein that binds multiple targets and the regulatory mechanisms of its activities are likely to be complex. One such mechanism regulates binding of TopBP1 to chromatin. In the presence of positive proliferation signalling, binding of TopBP1 to chromatin and activation of ATR is attenuated (10, 11) , which can switch the function of TopBP1 from checkpoint activation to transcriptional regulation (11) . In our ectopic expression model it is conceivable that these regulatory mechanisms are perturbed, so that the excess of TopBP1 acts both at the checkpoint level and at the transcriptional level.
Our data show that the excess of TopBP1 is preferentially targeted to ribosomal chromatin, where it locally activates ATR. TopBP1 is known to bind to chromatin (31) and has been found to bind bulky DNA lesions to activate ATR in an in vitro system (13) . It appears that bulky DNA adducts can be the driving force for nucleolar segregation (36, 37) . Transcription of rRNA generates RNA-DNA hybrids, Gquadruplex complexes and DNA lesions that can serve as binding sites for TopBP1. It is conceivable that TopBP1 is normally required for monitoring the integrity of DNA at the nucleoli, activating nucleolar stress response when necessary. We do not think that overexpression of TopBP1 leads to rDNA damage or stress by itself, as we did not see elevated ␥ H2AX or 53BP1 levels. Rather, ATR seems to be activated by a positive feedback loop, caused by excessive TopBP1 binding at the ribosomal chromatin. This mode of ATR activation by TopBP1, where TopBP1 and Rad9 interact for signal amplification, has been proposed before (38) . Consistently with this model, we observed colocalization of eGFP-TopBP1 with Rad9 and Hus1, and our deletion analysis revealed that the Rad9 interaction domains of TopBP1 are required for the TopBP1-induced nucleolar segregation.
An important question in understanding ATR activation is how the chromatin association of TopBP1 is regulated. The strong chromatin association of eGFP-TopBP1 observed in this study raises the possibility that TopBP1 binds chromatin by default, and in order to prevent aberrant ATR activation either TopBP1 has to be modified or its level has to be kept low. Indeed, negative regulation of TopBP1 chromatin binding by phosphorylation, and inhibition of ATR pathway has been shown before (11) .
A prominent feature of nucleolar segregation is the formation of UBF foci called nucleolar caps at the periphery of nucleolar body. However, the significance of this capping is unknown. Nucleolar caps may represent rDNA that is relocated outside of the nucleolus for processing and repair. Such phenomenon has been found in yeast, where DNA double-strand breaks in the nucleolus induce transient transfer of rDNA out from the nucleoli for repair (39) .
Interestingly, in a similar process described for Drosophila heterochromatin, ATR plays a major role in the early steps of transient relocalization of damaged heterochromatin into repair foci (40) . One possible role for TopBP1 and ATR at nucleoli could be the regulation of chromatin organization.
The nucleolus was once thought to be only responsible for ribosomal biogenesis, but this view has gradually changed after it was found that as little as 30% of the nucleolar proteins are related to the production of ribosome subunits (41, 42) . Today, it is accepted that the nucleolus senses stress and coordinates the stress response (2) . The hallmark of nucleolar stress response is the reorganization of nucleolus, which can manifest differently in response to different stresses, but which at the end in all cases results in stabilization of p53 (1, 3) . We found that although activation of nucleolar stress response by ActD lead to a transient p53mediated cell cycle arrest, this cell cycle arrest did not occur in cells expressing large quantities of TopBP1. This is consistent with the previous finding that TopBP1 physically interacts with p53 and suppresses p53 transactivation (22) . p53 has also been suggested to monitor genetic stress at the nucleolus (43) , and it has been shown to directly repress rRNA transcription (44) . However, in our system it is unlikely that p53 mediates the rRNA transcriptional silencing as TopBP1-induced nucleolar segregation was observed also in p53 negative cell lines SaOS2 and MG63 (see Supplementary Figure S3 ).
Inhibition of RNA pol I appears to be an early step in the stress response. Stress-activated protein kinase JNK2 (c-Jun N-terminal kinase 2) phosphorylates and inactivates RNA pol I transcription factor TIF-1A to downregulate rRNA synthesis (45) . RNA pol I is also inhibited in response to dsDNA breaks in an ATM-dependent manner (46, 47) . The results presented here point to a similar role for TopBP1-ATR signalling pathway in silencing of rRNA transcription at times of stress, suggesting that inhibition of rRNA synthesis by different stress-responsive kinases is a common mechanism to activate nucleolar stress pathway.
